The present study reports data on absorption of orally administered glutathione (GSH) in rat jejunum and in other organs, and the possible role of specific transport systems of GSH and yglutamyltranspeptidase (EC 2.3.2.1; y-GT) activity. GSH levels were measured simultaneously in various organs after oral GSH administration to untreated rats and rats treated with L-buthionine sulfoximine (BSO) or acivicin (ATlz5). BSO selectively inhibits GSH intracellular synthesis and ATlzs is a specific inhibitor of y-GT activity. GSH levels were also measured after oral administration of an equivalent amount of the constituent amino acids of GSH to untreated and BSO-treated rats. Significant increases in GSH levels were found in jejunum, lung, heart, liver and brain after oral GSH administration to untreated rats. GSH increases were also obtained in all organs, except liver, when GSH was administered to rats previously GHS-depleted by treatment with BSO. The analysis of all results allowed us to distinguish between the increase in GSH intracellular levels due to intact GSH uptake by specific transporters, and that due to GSH degradation by y-GT activity and subsequent absorption of degradation products with intracellular resynthesis of GSH; both these mechanisms seemed to be involved in increasing GSH content in heart after oral GSH administration. Jejunum, lung and brain took up GSH mostly intact, by specific transport systems, while in liver GSH uptake occurred only by its breakdown by y-GT activity followed by intracellular resynthesis.
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Glutathione: Intestine: y-Glutamyltranspeptidase
A number of observations have shown that dietary glutathione (GSH) can be absorbed intact from the intestinal lumen and that orally administered GSH increases plasma GSH concentration (Hagen et al. 1990; Jones, 1995) . It has also been demonstrated in mice that oral GSH administration can increase the GSH concentration in some tissues but only after GSH depletion (Aw et al. 1991) . In fact, intestinal absorption of exogenous GSH can be very important, both in detoxification mechanisms where the intestinal epithelium is involved and in supplying plasma as well as other tissues with GSH and cysteine. In some pathological and physiological conditions intracellular GSH synthesis is not able to maintain high levels of this tripeptide in intestine and in other organs of many species, including man, i.e. metabolic disorders, stress oxidative disorder, malnutrition, Crohn's disease, Parkinson's disease, Alzheimer's disease, human immunodeficiency virus infection and ageing (Meister & Larsson, 1989; Bray & Taylor, 1993; Stio et al. 1993; Grisham, 1994; Iantomasi et al. 1994; Castagna et al. 1995) ; therefore oral therapeutic administration of GSH has been suggested, even though many studies on the ability of exogenous GSH to increase tissue GSH reported in the literature are contradictory. Four different mechanisms of GSH uptake through the membranes have been suggested ); however, the main pieces of experimental evidence regarding GSH transport are: (1) the breakdown of GSH into its constituent amino acids by specific membrane enzymes, y-glutamyltranspeptidase (EC 2.3.2.1 ; y-GT) and dipeptidase, followed by their transport and subsequent intracellular GSH resynthesis. This is a very complex mechanism involving the enzymes of the y-glutamyl cycle, which includes the GSH synthesis enzymes as well as the consumption of ATP; (2) the uptake of intact GSH by specific transporters, a much faster mechanism, which consumes less energy. Although both processes allow the uptake of exogenous GSH, they are independent and may occur simultaneously (Vincenzini et al. 1992) . In various cells specific transport systems have been identified (Aw et al. 1991) . In particular, in jejunum of rat and rabbit a Na+-independent facilitated transport system for GSH and GSH-S-conjugates in brush-border membranes (Vincenzini et al. 1988) , and a GSH Na+-dependent system in basolateral membranes (Lash et al. 1986 ) have been characterized. Considering these previous results and the possibility of oral GSH therapy we performed the present study to assess the efficacy of oral GSH administration in increasing the GSH content of various organs under different experimental conditions. Moreover, the physiological roles of specific GSH transport systems and y-GT activity in GSH uptake by intestinal epithelium and other tissues were considered. For this purpose we measured GSH levels simultaneously in jejunum, ileum, liver, lung, heart and brain after oral GSH administration to untreated rats and rats treated with L-buthionine sulfoximine (BSO) or acivicin (AT125). Administration of BSO to rats specifically inhibits endogenous synthesis of GSH and selectively decreases intracellular GSH content. This inhibitor does not demonstrate toxicity in animals (Martensson et al. 1991) ; administration of BSO to rats for long periods leads to marked structural changes in various organs ). In the present study BSO was given only for 1 d and it was used to evaluate the absorption of intact GSH by transport systems, since the regulator enzyme of GSH endogenous synthesis, y-glutamylcysteine synthetase (EC 6.3.2.2; y-GCS) is inhibited by BSO.
AT125 administration inhibits the activity of y-GT, the only known enzyme that can break down the y-glutamyl linkage of GSH; therefore we were able to verify the involvement of this enzyme, as well as of GSH degradation products, in GSH uptake. This is the first time that AT125 has been used to investigate the role of y-GT activity in increasing GSH in various organs after oral GSH administration. AT125 has minimal toxicity when it is given in vivo (Hill et al. 1985) .
GSH levels were also measured in some organs after oral administration of the three constituent amino acids of GSH (Glu, Cys, Gly) to untreated and BSO-treated rats. The comparison of all results obtained under these different experimental conditions allowed us to assess the usefulness of oral GSH supplementation in enhancing tissue GSH, and to determine if the GSH increases measured were due to intact GSH uptake by transport systems and/or by its y-GT degradation and subsequent GSH intracellular resynthesis. It is also possible to propose physiological roles for both y-GT and transporter activities in maintaining an inter-organ cycle of GSH.
MATERIALS AND METHODS

Materials
L-Buthionine-S,R-sulfoximine (BSO), AT125, GSH, glutamate, cysteine and glycine were obtained from Sigma Chemical Corp (St Louis, MO, USA). The dye reagent concentrate for the determination of protein was obtained from Bio Rad Laboratories S.r.1. (Milan, Italy). All other chemicals used were reagent grade and were obtained from commercial sources.
Animal treatments
Rats (male, 50-80 g Sprague-Dawley; Nossan Correzzano, Italy) were fed on a complete standard diet containing about 760 g yellow maize/kg, 200 g wheat gluten/kg, 30 g CaC03/kg and l o g NaCl/kg, and were provided water ad libitum for 1 week before the different treatments. The rats were fasted for 24 h before the beginning of the experiments and were killed after anaesthesia with ketamine and xylazine solution, 50 and 0.1 mg/kg respectively. One group of rats, which we called untreated, was divided into three subgroups: the first subgroup was given saline (9 g NaCVI) solution by oral administration. The second subgroup was given one of three concentrations of GSH (0.4, 1 or 4 mmol/kg), orally. The third subgroup was given a solution of 4 mmol amino acids (Glu, Cys, Gly)/kg, orally. The rats were killed 90min after these administrations. Another group of rats was treated with AT125, 5.4 mmol/kg administered orally and 1.8 mmol/kg intraperitoneally; the administrations were performed at the same time. At 60 min after the AT125 treatment, one subgroup was given saline solution, orally; another subgroup was given 4mmol GSH/kg orally. At 90 min after these administrations the rats were killed. A third group of rats was treated intraperitoneally twice, at 19.00 and 09.00 hours with a solution containing 4 mmol BSO/kg and 150 ml dimethylsulfoxide (DMSO)/l. At 30 min after the second BSO injection, one subgroup was given saline solution orally; a second subgroup was given one of two concentrations of GSH (either 0.4 or 4 mmol/kg) orally; a third subgroup was given a solution containing 4 mmol amino acids/kg orally. At 90 min after these administrations the rats were killed. Since BSO is poorly transported into the brain of adult animals it was administered to rats intraperitoneally in 150 ml DMSO/1 which facilitates BSO absorption (Steinherz et al. 1990 ); for the same reason, the experiments were performed using 1month-old rats. Finally, under these experimental conditions, BSO treatment rapidly decreases the GSH levels in the organs studied, with GSH depletion values ranging from 40 to 90 96 of the control values. We also ascertained that intraperitoneal administration of 150ml DMSO/l solution alone did not change GSH levels in the various organs studied.
Glutathione and y-glutamyltranspeptidase assay
After the various administrations, all organs of rats were removed and washed in ice-cold saline. Then they were frozen in liquid N2, pulverized and homogenized in 0.5 M-HC~O, (1 : 5 , w/v). The homogenate was centrifuged in a microcentrifuge (12550g for 15min at 4"). The supernatant fraction was assayed for GSH and GSSG by HPLC as described by Fariss & Reed (1987) . The solutions were analysed by liquid chromatography (Beckman Gold System; Beckman Analytical S.p.A., Milan, Italy) equipped with an NEC/PC 8201H computer, a Shimadzu C-R6A chromatopac integrator (Shimadzu Corp., Kyoto, Japan), and a Biosil NH2 90-5s Bio Rad column). The 2,4-dinitrophenyl derivatives were detected at 360 nm. The GSH and GSSG were quantified relative to standards by integration and the values are expressed as pmol/g wet weight. The total GSH, measured as (GSH + 2GSSG), is reported. y-GT activity was measured in partially purified membranes of the organs studied. Using a Potter homogenizer (Wheaton Millville, NJ, USA) with a Teflon pestle, the intestinal mucosa and tissue samples of control and AT125-treated rats were homogenized in a buffer of ice-cold 100 m -T r i s at pH 8 (1 :6, w/v). The homogenate was then centrifuged at 19OOg for 15 min, and the supernatant fraction was centrifuged at 18 OOOg for 30 rnin. Then the precipitate was collected, washed and centrifuged again; thereafter the pellet was used for the determination of y-GT activity by a commercially available assay kit (Boehringer Mannheim GmbH, Mannheim, Germany).
Protein determination
The protein concentration was determined by Bradford's method (Bradford, 1976) . Bovine serum albumin (Sigma Chemical Company) was used as the control standard.
Statistical analyses
The significance of treatment differences was tested using ANOVA. Student's t test and the Mann-Whitney test. As the analyses gave similar results only the significance levels from the t test are presented.
RESULTS AND DISCUSSION
GSH levels were measured in organs at various times after oral GSH administration (60, 90, 120 and 180 min). However, the data reported in Table 1 were determined 90 min after GSH administration, since at this time the highest GSH values were found in all organs studied; only in intestine was there no significant difference in GSH levels measured after 60 or 90min. Table 1 shows that oral administration of GSH to untreated rats and rats treated with BSO or ATlz5 significantly increased GSH content in jejunum of rats at all concentrations Table 1 Mean values were significantly different from those for the control group: * P 5 0.05, ** P 5 0.01. Mean values were significantly different from those for the BSO group: t P 5 0.05, t t P 5 0.01.
. Glutathione (GSH) levels (prnollg wet weight) in the jejunum, lung, liver, heart and brain of food-deprived rats 90 rnin after administration of saline solution, GSH or amino acids (AA); rats had previously been untreated (control) or treated with L-buthionine suljioximine (BSO) or acivicin (AT,&
3 For details of procedures, see pp. 294-296. 5 GSH was administered at levels of 0.4, 1 and 4mmol/kg. administered. In contrast, no significant alteration to GSH content was measured when an equivalent concentration of GSH constituent amino acids was given to untreated rats. The results indicate that in both untreated and treated rats increases in GSH level are not proportional to GSH concentrations. This is probably due to a saturation effect, as well as to a hormonal regulation of intestinal GSH absorption, as demonstrated by Hagen et al. (1991) . The data obtained in jejunum of depleted rats are in agreement with the results reported in mice by Martensson et al. (1990) and Aw et al. (1991) . These authors performed very different BSO treatments: Martensson et al. (1990) obtained a high GSH decrease (about 90%), while Aw et al. (1991) obtained a decrease of only 20% and the GSH increase measured after oral administration of GSH was also different. However, these authors did not find GSH increases in jejunum of normal mice after oral GSH administration. This could be due to different experimental conditions, to the different species used, and to a different control of cellular GSH homeostasis in mice with respect to rats. However, Aw et al. (1991) showed a 2.5-fold increase in plasma GSH, 30min after oral administration to mice of about 0.3 mmol GSH/kg; and Hagen et al. (1990) reported an increase of about 30-fold in plasma GSH level, 90min after the administration of 30pmol GSH orally to BSOand AT12,-pretreated rats, while they did not observe any change when an equivalent amount of GSH constituent amino acids was given. Taken together with ours these results indicate that exogenous GSH is mainly absorbed intact in intestinal brush-border membranes by a transport system previously characterized by us (Vincenzini et al. 1988) , confirming findings previously reported in part by the authors (Iantomasi et al. 1994) . However breakdown of oral GSH by y-GT intestinal activity may occur when high GSH concentrations are administered to rats. In fact, others (Viiia et al. 1989) have measured increases in cysteine content in portal blood after the oral administration to rats of 3.26 mmol GSH/kg. In conclusion oral GSH may be useful in the treatment of many intestinal diseases and states of malnutrition, which can influence endogenous GSH by decreasing its synthesis, and/or GSH levels directly (Grisham, 1994; Iantomasi et al. 1994) . Table 1 shows that in lung and heart the picture obtained after oral administration of GSH to both untreated and treated rats was similar to that in intestine. One difference from intestine was the lack of increase in GSH content when the lower concentration of GSH (0.4 mmol/kg) was administered to untreated rats. A second difference was seen only in heart where a GSH increase was measured after amino acid administration to untreated rats compared with control. This last result indicates that GSH may be taken up by heart in part by transporter activity and in part by its degradation and subsequent resynthesis, while in lung, GSH absorption seems to occur as it does in intestine. Indeed, Hagen et al. (1986) showed that exogenous GSH may be taken up in lung alveolar cells by a Na+-dependent transport system, while there are no data on such a GSH transport system in heart membranes, even if the present results may suggest its presence. These findings are in agreement with the data reported by Aw et al. (1991) , who found increased levels of lung GSH in untreated and BSO-treated animals at 90 and 60min respectively after oral GSH administration. In contrast measured only a transient GSH increase (of about 30 %) in lung of untreated mice 120min after intraperitoneal GSH administration (5mmol/kg) but not in depleted mice and did not measure any GSH increase in mouse heart after GSH depletion and intraperitoneal GSH administration. These contradictory data may be due to different experimental conditions and/or to the different species used. There are no data in the literature regarding the influence of y-GT activity, determined by AT125 experiments, in increasing GSH content in organs after oral GSH administration. Under our present experimental conditions AT125 treatment completely inhibited y-GT activity in intestine but only inhibited it by about 60 % in lung (results not shown), even though y-GT activity in lung was much lower than that measured in intestine, as also reported by others Bray & Taylor, 1993) . y-GT activity was not detectable in heart membranes by the assay we used; also found very low y-GT activity in heart. Considering, therefore, the low activity of y-GT in heart, we think that a GSH increase in heart may be in part due to the greater content of cysteine derived from the partial breakdown of oral GSH by intestinal y-GT activity; this larger content of cysteine may then activate GSH synthesis. Indeed, in this organ, as in liver, GSH synthesis is mainly limited by the availability of cysteine . In conclusion, oral GSH could be clinically relevant in some heart pathologies and when increased oxidative stress is implicated, as during lung anti-tumour or O2 therapy (Witschi & Lindenschmidt, 1985) and also in acquired immune deficiency syndrome patients, given their high susceptibility to lung infections (Stover et al. 1985) . Table 1 also shows the data obtained in liver and brain. Significant increases in GSH content of liver with respect to controls were obtained only when 4mmol GSH/kg or an equivalent concentration of three amino acids were administered to untreated rats. These data are in agreement with the results obtained by Vifia et al. (1989) and Aw et al. (1991) and show that the oral administration of a high dose of GSH (4mmol/kg) may increase hepatic GSH content but only by degradation of GSH and subsequent intracellular resynthesis since no GSH increase was measured when GSH was administered to BSOand AT125-treated rats. However, considering that y-GT activity of the liver in rat and mice is negligible, as also reported by , and that intraperitoneal administration of GSH is ineffective in increasing GSH level (Puri & Meister, 1983) , we suggest that, as for heart, the partial degradation of oral GSH obtained by the intestinal activity of y-GT may supply the liver with cysteine and so increase GSH synthesis. It is probable that in a similar way oral GSH is able to increase GSH levels also in other tissues that do not have y-GT activity and that do not take up GSH directly. Indeed two specific GSH transport systems in canalicular and sinusoidal membranes of hepatocytes have been found by Garcia-Ruiz et al. (1992) . It has been suggested that in physiological conditions both transport systems mainly export GSH into bile and plasma. Our present results confirm this physiological role of hepatic GSH transporters; in fact, even if a remarkable GSH depletion in liver (about 90 %) is measured, no uptake of intact GSH seems to occur.
The findings obtained in the brain showed that a significant GSH increase was observed only when 4 mmol GSH/kg was given to untreated and BSO-treated rats. These results are partly in agreement with those of others (Aw et al. 1991) , who found similar GSH increases only in brain of GSH-depleted mice after GSH oral administration. The present results indicate that GSH is probably taken up intact by a transport system, although the lack of GSH increase in ATlz5-treated rats could indicate an involvement of y-GT activity. Indeed, there is evidence that GSH may cross the blood-brain barrier by carrier-mediated transport (Kanna et al. 1990) . Recently, Yi et al. (1994) demonstrated that complementary DNA of the rat canalicular GSH transporter hybridizes with a single transcript isolated from rat brain, and identified by Northern blot analysis. These authors also reported a similar single hybridization signal with RNA isolated from other organs: kidney, lung and small intestine. This evidence confirms the presence of similar transporters for GSH in different organs in which GSH levels may effectively increase by uptake of intact GSH. The present results demonstrate that exogenous GSH (present in bile, diet or drugs) may increase the GSH content of intestine and of some other organs, both GSH-depleted and -replete; they demonstrate that GSH intestinal absorption by y-GT activity may be more useful in increasing GSH content in some organs (liver and heart) than intraperitoneal GSH administration. Moreover, these data demonstrate that both the specific transport systems of GSH, and y-GT activity may have a physiological role in regulating GSH inter-organ homeostasis; they also confirm in part other data reported in the literature on this subject which is very important and complex, considering the various biological roles of GSH and its involvement in many pathological and physiological alterations.
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